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As land cover throughout the Chesapeake Bay watershed is modified and climate patterns
alter, changes in runoff occur which can impact water quality. A study was conducted using the
Soil and Water Assessment Tool (SWAT) for the James River watershed in Virginia, the
southernmost tributary of the Chesapeake Bay, for 1986 to 2018. A comparison of land cover
changes throughout that time frame was included in the analysis. Land cover data was derived
from satellite imagery with values extracted using Geographic Information System (GIS) analysis.
The SWAT model was run within the web-based Hydrologic and Water Quality System
(HAWQS). The research focuses on land use, precipitation, and water quality indicators. Findings
suggest links between land cover modification, such as residential development, to degraded water
quality indicators. Also denoted are direct improvements in water quality when forest land areas
are preserved throughout the watershed terrain.
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CHAPTER I
INTRODUCTION
Virginia boasts the magnificent James River, a 348-mile-long jewel with headwaters in the
western mountains of Virginia (Virginia Department of Environmental Quality, 2015). The river
runs through the width of the state and empties into the Chesapeake Bay as one of its five largest
tributaries (CBP, 2019). The James River watershed is home to an estimated four million people
with its waters used for drinking water, for residential, industrial, commercial, military
applications, and recreational activities (Virginia Department of Environmental Quality, 2015).
The Chesapeake Bay, our nation’s largest estuary, is vital to protect for the thousands of animal
and plant species, as well as the approximately eighteen million people who live in its watershed
(National Park Service, 2018). Billions of dollars annually are generated by the Chesapeake Bay’s
thriving industries of tourism, sports, recreation, history, and marine transportation (National Park
Service, 2018). The mouth of the James River empties into the Chesapeake Bay, but it begins in
the Alleghany Mountains near the western state line of Virginia, traveling across the entire state
(Virginia Department of Environmental Quality, 2015). Figure 1 depicts the James River as well
as its tributaries.
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Figure 1

Map showing the James River Basin reservoir and stream sources

(Virginia Department of Environmental Quality, 2015)

The Virginia fall line runs through Richmond marking a transition from piedmont to coastal
plain. Rapids occur due to a steep drop in elevation at the fall line ending at the tidal zone near
the coast (Virginia Department of Environmental Quality, 2015). Figure 2 shows the James River
watershed and highlights the physiographic regions including the Valley & Ridge, Blue Ridge,
Piedmont, and Coastal Plain. The piedmont is characterized by rapids and the tidal influences are
limited to the coastal plain.
2

Figure 2

James River Basin regions

(Virginia Department of Environmental Quality, 2015)

Human interaction with the landscape including waste disposal and urban sprawl,
fertilization of lawns, golf courses, fields, and crops, as well as litter and paved surfaces can affect
runoff into the James River and other rivers that ultimately empty into the Chesapeake Bay. The
population continues to rise throughout areas of the watershed as well, which leads to more urban
and suburban sprawl. For example, the Greater Richmond area, just one large city in the James
River watershed, had a population of 927,248 in 2010, is currently around 1,013,839, and is
projected to rise 11.1% to 1,126,024 by 2030 (Greater Richmond Partnership, 2019). Greater
3

Richmond includes the City of Richmond as well as adjacent counties where a lot of the suburban
sprawl takes place. A 28% increase in population is expected from 2000 to 2040 throughout the
whole James River watershed basin, with population projected to exceed 4.7 million (Virginia
Department of Environmental Quality, 2015). With an increase in urban sprawl from the growing
population, we see a rise in the area of impervious land cover. This in turn causes an increase in
surface runoff ending in the James River. With more paved surfaces and higher river discharge
amounts, more water flows over the surface to collect pollutants that can travel to downstream
locations. Land use such as agriculture and urban, as well as precipitation patterns, are factors to
consider as contributions to excess nutrient and pollutant runoff into the river and ultimately the
Bay. The goal of this research is to investigate what is driving water quality fluctuations in the
James River watershed, by using a spatial analysis of land use, precipitation, and water quality
data on subdivided sections of the river over time.
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CHAPTER II
LITERATURE REVIEW
To accomplish the goal of this research project, the Soil & Water Assessment Tool
(SWAT) model is ideal as it utilizes land use, soil, and climate data for water quality analysis and
prediction (TAMU, 2019). The model will allow for divisions of the watershed into subwatersheds, and incorporates data on soils, land use, slope, precipitation, and other variables to
simulate runoff and subsequent nutrient transport (Ambrose Jr. et al., 2009). The SWAT model
configures the watershed into Hydrologic Response Units (HRUs) to route the flow through the
watershed (SWAT, 2012). HRUs have uniform land cover, slope, and soil characteristics within
the subbasin grouped to simplify the modeling calculations within the program and enhance
accuracy of runoff predictions (SWAT, 2012).
The SWAT model has been used successfully in several research studies involving the
Chesapeake Bay watershed to model land use and water quality patterns. Lee et al. (2018) used
the SWAT model in their study of the Chesapeake Bay region to compare two small watersheds
in Maryland. Their goal was to compare different potential climate change scenarios and their
impacts on the region, noting variations among soil type and land use contributions to nitrate
concentration in the water (Lee et al., 2018). The SWAT model was used for a small part of the
Chesapeake Bay watershed in Pennsylvania to analyze the impact of agricultural practices on
water quality, and used a spatial analysis to show which areas need more improvements to adapt
to a changing climate (Xu et al., 2019). A study by S. Im et al. (2007) uses both the SWAT and
5

the Hydrologic Simulation Program-Fortran (HSPF) models to model sediment transport, land use,
and runoff for another Virginia watershed, the Polecat Creek of the Mattaponi River. The findings
indicate that while HSPF more accurately simulated monthly stream flow rates, both SWAT and
HSPF predicted sediment well (Im et al., 2007). Since SWAT is GIS-based, it is preferred over
HSPF for this study since the focus included spatial analysis.
In-depth examinations of pollutants in the Chesapeake Bay are important to maintain water
quality. In their study, Meng et al. (2010) introduce the Chesapeake Bay Forecast System (CBFS),
which utilizes the SWAT model, and they specifically focus on the Rappahannock River in
Virginia as a pilot for the forecast model. Findings indicated that the SWAT model in this region
performed well especially for modeling streamflow (R2 = 0.74), nitrates (R2 = 0.65), phosphates
(R2 = 0.51), and sediment (R2 = 0.64) (Meng et al., 2010). This performance could be further
enhanced with more data sites and longer duration of data for calibration, as well as performing
and comparing similar SWAT models in other basins throughout the Chesapeake Bay watershed
(Meng et al., 2010). SWAT model performance is also enhanced by combining multiple available
precipitation data sources together. A study where both rain gauge and radar data were used to
calibrate the SWAT model in a small tributary in Maryland within the Chesapeake Bay watershed
shows enhancement of modeling the pollutant transfer in the watershed (Sexton et al., 2010).
Other methods have been used to detect water quality patterns and sources of pollution in
the Chesapeake Bay watershed. Zhang (2017) focused on “concentration-discharge relationships”
using historical data for an assortment of sites throughout the Chesapeake Bay watershed to
analyze the spatial discharge patterns of nitrogen, phosphorus, and sediment load at various flow
conditions.

Zhang (2017) has found that the James River, among other Chesapeake Bay

tributaries, shows rises in phosphorus and sediment when discharge rates are higher. Zhang (2017)
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has speculated that this could be due to increases in non-point sources of runoff from changes in
land cover (especially urbanization) and climate. The findings show less nitrogen variation, and
the authors attribute this to underground storage and transport of this nutrient (Zhang, 2017).
Ryberg et al. (2017) used structural equation modeling in a study showing increasing rates of
precipitation and urban/suburban sprawl are contributing factors to excess phosphorus being
discharged into the Chesapeake Bay. The study suggests that this increase in phosphorus is from
continued land development despite positive improvements in farming and waste management
practices (Ryberg et al., 2017).
In a study specific to the Baltimore area of the Chesapeake Bay watershed (various streams
throughout Gwynns Falls), nitrogen was studied to determine the correlation between runoff and
nutrients washing into the Bay due to increased urbanization through a land-use perspective
(Shields et al., 2008). The suburban type models where streets and storm-drains swiftly transport
runoff into the watershed have been shown to be plausible contributors to increasing nitrogen
levels (Shields et al., 2008). Roberts and Prince (2009) also studied non-point source pollution in
the Chesapeake Bay by examining the impacts of different land cover types, based on satellite data
from the Regional Earth Science Application Center, on increased nitrogen and phosphorus runoff.
The Spatially Referenced Regression on Watershed (SPARROW) model was used in the study to
incorporate the new data on land configuration, with inputs for 16 different surface types (Roberts
and Prince, 2009). The model was calibrated with buffers around the streams throughout the entire
watershed, six different buffer widths ranging from 31 to 1000 meters to represent different
potential riparian protection zones. Roberts and Prince (2009) found that land cover type, and its
effect on runoff, can significantly impact nutrient transport throughout the Chesapeake Bay
estuary. Roberts and Prince (2009) findings show that extractive land, which was overturned or
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stripped by mining, has the biggest impact on nitrogen levels, which is of greater concern in the
northern Chesapeake Bay watershed. The barren land cover type impacts phosphorus levels the
most due to its high runoff potential, which is of concern to the James River portion of the
watershed (Roberts and Prince 2009).
Building upon the SPARROW model, a recent USGS contract study analyzed nitrogen
changes throughout the watershed on a long-term basis (Chanat & Yang, 2018). The time period
of 1990 – 2010 showed a general decrease in nitrogen throughout the Chesapeake Bay; however,
the James River data showed an increase (37 kg/km2 annually) (Chanat & Yang, 2018). These
differences indicate that a large-scale approach to Chesapeake Bay water quality analysis might
not take the specific James River watershed characteristics into account, such as land use types
and precipitation patterns that differ from the more northern areas of the Chesapeake Bay
watershed, since the James is its southernmost tributary. The authors conclude that likely factors
contributing to Bay pollution are suburban and urban sprawl as well as a trending warmer and
wetter climate (Chanat & Yang, 2018).
Because other research shows land use and precipitation patterns can have a significant
impact on water quality in the mid-Atlantic region, it is worth investigating further the specific
areas and causes for concern of non-point source pollution on James River water quality. This
study is especially important since climate change is ongoing and population will continue to rise,
which will lead to further increased urbanization. The above research has shown that the SWAT
model is useful in areas throughout the Chesapeake Bay watershed, with further studies warranted.
The accuracy of the SWAT model can be further improved in the James River area which has
extensive water quality data available for enhanced calibration. SWAT can help find areas where
land use patterns, precipitation, and agricultural practices contribute to an excess of nutrient
8

transport in the watershed. Further research is needed in these areas as we move forward in a
changing future, and this research seeks to add to the growing knowledge base to help lead to
solutions for protecting the James River and Chesapeake Bay.
This study utilizes the Hydrologic and Water Quality System (HAWQS), which enables
modeling of watersheds in a web-based environment to set-up, run, and calibrate a SWAT model
for watersheds throughout the conterminous United States (Yen et al., 2016). The data are
preloaded in HAWQS by Hydrologic Unit Code (HUC), with pre-calibrated locations throughout
the United States (HAWQS, 2017). The incorporated data with HAWQS includes soil, land use,
and watershed boundaries; Appendix B shows the full list of data and sources. The data can be
customized or updated as needed to enhance modeling precision. For example, a user can choose
from different sources of weather data that is most appropriate for their region or time-period. The
modeling results can be further edited by downloading and running SWAT editor, which will
enable the user to customize most of the included parameters and re-run the model as needed.
HAWQS is a result of a collaboration between the US EPA and Texas A&M University (Yen et
al., 2016).
Because it is a recent online platform introduced in 2017, prior availability of studies using
HAWQS are limited at this point. HAWQS was used in a study by Chen et al. (2020) to model
the Upper Mississippi River Basin as a comparison of various techniques within SWAT. Also,
Yen et al. (2016) used HAWQS to demonstrate a SWAT model set-up for the Illinois River Basin.
Although successful modeling results were obtained in these and other studies, there are only a
limited amount of HAWQS research papers available, suggesting that further studies using
HAWQS, such as this one, are warranted. In this research, the SWAT model is used to determine
what land use factors and precipitation patterns contributed to increased or decreased pollution by
9

non-point sources throughout the James River watershed from 1986—2018 (timeframe of
maximum data availability). The focus is on precipitation and water quality data, along with a
GIS–based spatial analysis of land cover changes.
The hypotheses are:
1.

Segments of the watershed with more intensive land use such as agricultural, suburban
sprawl, and urban development will show higher contributions to pollution and
sediment loads, while forested areas will show improved watershed responses that
minimize sediment and nutrients in runoff.

2.

Additionally, higher precipitation in disturbed land areas will exacerbate non-point
source pollution and sediment transport, due to an increase in runoff.

Suburban neighborhood growth in this area generally involves clearcutting of existing
forest. Cutting down more trees destroys habitat that would naturally filter the runoff before
reaching the river. Also, the need for roads and infrastructure in these neighborhoods leads to
more paved surfaces, resulting in greater runoff potential. The additional amounts of chemicals
used on lawns, farms, and automobile-related contaminants can work their way more directly into
the hydrosphere, as well as the extra fertilizer used for food, animal manure, power plant
discharges, sewage, mining and other industrial contaminants. The research questions for this
study are:
1. Is there a relationship among precipitation, runoff, and land cover changes with respect
to increased nutrients and sedimentation throughout the James River watershed?
2. Can degradation in water quality be observed over time throughout the watershed that
could be attributed to land cover changes, and/or climate patterns?
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3. What land use patterns can be observed over the study period throughout the
watershed?

The results generated through this research will lead to greater understanding of James River
and Chesapeake Bay non-point source pollution sources, since historical modeling can help show
what occurred to contribute to pollution to help in remediation of the watershed. This study
could help decision makers implement good watershed management practices to improve water
quality by isolating land areas that contribute greater amounts of nutrient load to the river, or
even find best practices for land conservation in areas with improved water quality.
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CHAPTER III
METHODS
Model setup
Watershed Set-up
The SWAT model was used within the HAWQS system (version 1.1) to set up the James
River watershed analysis. Setting up the SWAT model in HAWQS first requires delineating the
watershed. The James River Watershed set-up within HAWQS starts at the headwaters in the
western part of Virginia and ended at HUC ID 02080208 in the east which drains into the
Chesapeake Bay.

Figure 3 shows the delineation of the watershed boundaries with HUC

identification labelled.
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Figure 3

Watershed boundaries of the James River watershed.

There are 8 HUCs, or codes that represent the division of drainage basin boundaries
within the United States, included in the watershed, which are:
•HUC02080201–Upper James (Mainstem)
•HUC02080202–Maury (Tributary)
•HUC02080203–Upper Middle James (Mainstem)
•HUC02080204–Rivanna (Tributary)
•HUC02080205–Lower Middle James (Mainstem)
•HUC02080206–Lower James (Mainstem)
13

•HUC02080207–Appomattox (Tributary)
•HUC02080208–Elizabeth (Tributary) (Virginia Department of Environmental
Quality, 2015)
The HUCs along the mainstem of the river are indicated in the list above, as well as the
tributaries of the James River. The total area of the watershed is 26,791.74 km2.

Hydrological Response Units (HRUs)
Part of the SWAT model process includes demarcating the watershed into Hydrological
Response Units (HRUs), which represent subdivided areas with common values for land, soil, and
slope (Yen et al., 2016). With the eight HUCs of the James River Watershed, the SWAT model
was originally divided into 1,449 unique HRUs. To simplify model processing and analysis, the
number of HRUs was reduced in this case to 438 by eliminating the smaller land and soil thresholds
set at below 7% of the total area. During HRU selection, 7% was found to be the best value to
only eliminate minor land use and soil categories that were not relevant to the analysis while still
retaining consistent ratios for the dominant categories used for comparison with historical land use
changes during this study. An exemption was set to retain land use categories related to residential
and/or urban developed areas as these are relevant to this study.

Scenarios
The next step in setting up the SWAT model within HAWQS is to create a scenario. A
scenario includes selecting the weather data to use, time period of analysis, and model warm up
period prior to generating the final model output. In this case, the weather data chosen was the
14

Parameter-elevation Regressions on Independent Slopes Model (PRISM) data. This option was
chosen because it had full availability throughout the time period, as well as full coverage of the
chosen area. The start date of the SWAT simulation was 1/1/1986, and the end date was set at
12/31/2018, as that was the final possible date available by the system. A warm-up period of 2
years was selected in keeping with of the recommendation of the SWAT modelers, which results
in the output of the model run beginning at 1/1/1988 (HAWQS, 2017). Using two years for a
warm-up period for the modeling allows enough time for the model to change the input and thus
reduces output uncertainty (Srinivasan, 2019). Although the SWAT model and input data is daily,
a monthly output option was selected for this project since the focus is on long term and seasonal
patterns. Appendix B shows the sources of the full default data that was included by the HAWQS
system in the SWAT model run, and Appendix C shows the SWAT model set-up parameters. The
SWAT version run was SWAT 2012 rev. 670.

Model calibration
Calibration is an important step in any modeling process.

While several types of

uncertainty, such as input and output data uncertainty, as well as model structure and parameters,
are inherent in any modeling process, calibrating helps enhance credibility and minimize the
impacts of the uncertainty on the model output results (Srinivasan, 2019). A process for calibrating
SWAT models is outlined by Abbaspour et al. (2018). The first step is to research the best
available data to use as the input for the initial SWAT model run. Different datasets should be
explored as well as reviewing the literature and applying local knowledge of the area (Abbaspour
et al., 2018). Next, the modeler should choose which parameters to modify through sensitivity
analysis. Sensitivity analysis helps the modeler understand which parameters used throughout the
15

watershed have a more significant effect on the model outcome (Srinivasan, 2019). Once the
parameters are determined, next the model should be run using the program SWAT-CUP
(Calibration and Uncertainty Procedures), which was designed specifically for SWAT models.
SWAT-CUP is used to run hundreds of iterations on the model and can include parallel processing
to speed up the process. This will result in output from SWAT-CUP suggesting the best data to
use for the model run. Once that is verified by the modeler, a final SWAT model can be run to
achieve the optimal results (Abbaspour et al., 2018).
The developers of the HAWQS system calibrated the SWAT models of seventy-nine
United States watersheds as part of their initial set-up of the system (HAWQS, 2017). The James
River was among those watersheds included in the initial calibration, as was the Appomattox river,
one of the tributaries of the James River watershed.

The monthly calibration began with

streamflow calibration first, which is crucial to the model performance to ensure the correct
volume of water is modeled prior to the components of the water. Next sediment was calibrated,
followed by water quality data (HAWQS, 2017). Both graphs and statistical output were used to
calibrate and validate the model performance. Table 2 (which is discussed in the next section)
shows the specific calibration statistics used for the James River watershed.

Time series,

scatterplots, and cumulative frequency distributions were the main graphs the HAWQS team
employed during analysis, and the resulting statistical values were included on the HAWQS
website (HAWQS, 2017). The SWAT-CUP program was used for calibration with the option of
the Sequential Uncertainty Fitting (SUFI2) algorithm selected to optimize the model results. The
SUFI2 archives results within 95% uncertainty range by accounting for uncertainty as well as
sensitivity of model parameters (HAWQS, 2017).
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Calibration Sites
For the James River, Virginia watershed, the sites used for calibration were data from
USGS station ID 2035000, James River at Cartersville, Virginia, as well as USGS station ID
2041650, Appomattox River at Matoaka, Virginia. Table 1 describes the detailed location of the
calibrated sites. The calibration was performed on the data from years 1983 to 2001. The USGS
data from the James River at Cartersville is a robust and longstanding source of water quality and
quantity data for the James River before it enters the Richmond, VA area and the tidal portion of
the river. The calibrated values of the Appomattox River site apply only to HUC 2080207 prior
to both calibrated HUCs draining into 2080206.

Table 1

Locations of calibrated sites within James River, Virginia, watershed

Name

James River
at
Cartersville,
VA

Appomattox River at
Matoaca, VA

USGS station ID

2035000

2041650

latitude
longitude
HUC8

37.67
-78.09
2080205

37.23
-77.48
2080207

Calibration Years

1983-2001

1983-2001

(HAWQS, 2017)

Calibration Parameters
The calibration and verification for the James River watershed was performed for flow,
Total Suspended Solids (TSS), Total Nitrogen, and Total Phosphorus. Table 2 shows the analyzed
17

statistical values that were obtained once comparing the model with the measured data. The
analysis included Nash-Sutcliffe efficiency (COE or NS), as well as Percent Bias (PBIAS), which
are both performance indicators of the model performance (HAWQS, 2017). Table 3 is adapted
from the HAWQS calibration manual and shows the evaluators of performance for both COE and
PBIAS, which was obtained by the authors from Moriasi et al. (2007). Comparing the results from
Table 2 with the indication of performance from Table 3, the model performed very good for both
flow and Total Nitrogen, unsatisfactory for TSS, and good to satisfactory for all other parameters.
The prioritization for flow as very good in the main stem of the James River is optimal for this
model, as the volume of water is much larger than any of its constituents.

18

Table 2

Calibration parameters

Name
COE (NS)
PBIAS
Calibration
Years

Flow

Total
Suspended
Solids

Total
Nitrogen

1983-2001

1983-2001

COE (NS)

-0.02

-0.09

PBIAS
Calibration
Years

91.42

89.16

1983-2001

1983-2001

COE (NS)

0.63

0.65

PBIAS
Calibration
Years

-3.97

7.61

1983-2001

1983-2001

n/a

0.59

n/a

-43.25

n/a

1983-2001

COE (NS)
Total
Phosphorus

PBIAS
Calibration
Years
(HAWQS, 2017)

Table 3

James
Appomattox
River at
River at
Cartersville
Matoaca
0.76
0.65
-18.37
-16.49

Statistics ranges to indicate model performance

Performance
Rating
Very good
Good

COE

PBIAS
Streamflow
0.75 < NSE
PBIAS < ±10
0.65 < NSE < ±10< PBIAS <
0.75
±15
Satisfactory
0.50 < NSE < ±15 < PBIAS
0.65
< ±25
Unsatisfactory
NSE < 0.5
PBIAS > ±25
(HAWQS, 2017, Moriasi et al., 2007)
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PBIAS Sediment PBIAS TN and TP
PBIAS < ±15
±15 < PBIAS <
±30
±30 < PBIAS <
±55
PBIAS >±55

PBIAS<±25
±25 < PBIAS < ±40
±40 < PBIAS < ±70
PBIAS>± 70

As a result, the new values from the calibration of the model are shown in Table 4,
including the file name adjusted, parameter adjusted, and the value for each site.

Table 4

Calibration adjustment values

File

James River at

Appomattox River

Cartersville, VA

at Matoaca, VA

0.5003
0.04773
0.1705
198.1
12.28
1.221
0.2013
0.9531
-0.7163
3.171
4.761
-0.3637
0.009279
1.2
0.2855
0.01269
0.5583
0.2899
0.1399
571
0.048187
500
2.857
1653
0.9995

1.839
0.2907
0.01462
299.6
5.08
1.54
0.3479
0.903
0.4914
1.614
4.001
0.7086
0.005294
1.139
0.3076
0.0387
0.608
26.1
0.07826
413.2
0.0493795
427.2
19
2486
0.9985

Parameter Name
Name

.bsn

.gw

.hru

ADJ_PKR (V)
CDN (V)
NPERCO (V)
PHOSKD (V)
PPERCO (V)
PRF (V)
PSP (V)
SDNCO (V)
SFTMP (V)
SMFMN (V)
SMFMX (V)
SMTMP (V)
SPCON (V)
SPEXP (V)
TIMP (V)
SURLAG (V)
ALPHA_BF (V)
GW_DELAY (V)
GW_REVAP (V)
GWQMN (V)
RCHRG_DP (V)
REVAPMN (V)
CANMX (V)
DEP_IMP (V)
ESCO (V)
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Table 4 (continued)
File

James River at

Appomattox River

Cartersville, VA

at Matoaca, VA

Parameter Name
Name

CN2 (% )
0.1483
0.08584
.mgt
DDRAIN (V)
1488
930
USLE_P (V)
1
0.01448
NDTARGR (V)
47
22
IFLOD1 (V)
5
2
IFLOD2 (V)
2
10
STARG1 (%)
0.7393
-0.3043
STARG10 (%)
0.9392
0.2333
STARG11 (%)
0.8616
0.6027
STARG12 (%)
0.8338
0.2239
.res
STARG2 (%)
0.8168
-0.6895
STARG3 (%)
0.3658
0.6082
STARG4 (%)
-0.1768
-0.04029
STARG5 (%)
-0.1942
0.6532
STARG6 (%)
-0.4971
-0.5905
STARG7 (%)
-0.5544
0.9391
STARG8 (%)
0.874
0.2851
STARG9 (%)
0.8311
0.3571
RS2 (V)
0.01662
0.0147
.swq
RS5 (V)
0.08881
0.09925
.sol
SOL_AWC (%)
-0.003637
0.007086
.wwq
AI2 (V)
0.01528
0.01492
The first column indicates the SWAT file name extension that was adjusted, the (V) indicates the
existing values was replaced by the new number, and the (%) indicates that the existing value
was multiplied by the given value added to one (HAWQS, 2017). See Appendix C for the
definitions of the variable acronyms
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Model Validation
The final model run was verified to run successfully since no error messages were received
and all years of data were recorded in the output files. Model validation for SWAT models is
accomplished by using the SWAT Check tool included with the SWAT model.

SWAT Check Results
After running the model using HAWQS, the initial results from the SWAT model were
presented using SWAT Check to ensure the overall validity of the model run. SWAT check is
used to ensure the hydrological components of the watershed are in balance and make sense in a
general comparison to the watershed in physical reality to catch any major concerns with the
model. Figure 4 from the SWAT Check results from this James River model displays the overall
hydrologic budget of the watershed for the output period 1988 to 2018. Items considered included
if the precipitation is a general match for the area, the curve number a good indication of the land
cover surfaces imperviousness average for the watershed, and if the other hydrological components
balance out. The average precipitation and potential evapotranspiration were checked and verified
against annual climate normal data from University of Virginia (UVA) and were indeed
approximate matches for the watershed area (UVA, 2020).
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Figure 4

SWAT check results displaying overall hydrologic budget of the James River
watershed

(HAWQS, 2017)

In general, the water balance of a watershed should indicate the water coming into the
watershed as precipitation is approximately equal to the evaporation, transpiration, runoff, and
groundwater recharge combined. In the SWAT check for the James River watershed, this is
displayed in Table 5 below.
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Table 5

Components of hydrologic budget combined in mm
Component

Value in mm

Evaporation &
Transpiration
Surface Runoff
Lateral Flow
Return Flow
Percolation
Recharge
Total

584.4
342.08
124.75
43.05
59.33
2.94
1156.55

The total of the hydrologic components is 1156.55 mm, which is approximately equal to
the incoming precipitation of 1158.9 mm, less any update by the plants or soil redistribution. The
overall percentages of water balance of the James River watershed are depicted in Figure 5 derived
from the SWAT check figures. Figure 5 represents the water balance, showing that of the incoming
precipitation to the watershed, approximately 50% is used for evaporation and transpiration,
almost 30% is directly runoff along the surface, and almost 15% as lateral flow or return flow, or
subsurface runoff as well. Less than 6 % is added to the underground water table.
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Figure 5

Water balance of the James River watershed

The curve number in an indication of the level of imperviousness of the soils and surface
cover. The average curve number of 77.7 for the James River watershed area shown in Figure 4
would imply more runoff and less percolation than a smaller curve number would. Any increases
in the impervious surfaces in the watershed or soil compaction or saturation would lead to an
increase in the curve number and greater percentage of runoff in the water balance, which would
continue to alter the natural flow and recharge of water in the watershed.
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Model Output
Resulting Images Overview
The HAWQS system also produced a few general watershed-average charts that provide a
good overview of the hydrologic and climatological conditions in the watershed. The screenshots
in Figures 6, 7, and 8 were obtained by selecting the “output summary Charts” link within the
HAWQS system after the model run completed. Figure 6 shows the average annual basin values
of several key variables of the hydrologic budget, including precipitation, evapotranspiration, and
surface runoff.

Figure 6

Overall average SWAT results showing hydrologic budget of the James River
watershed from HAWQS

AQ stands for aquifer, Q for discharge, ET for evapotranspiration, and Revap (re-evaporation) is
soil moisture coming back up from the aquifer (HAWQS, 2017)
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Figure 7 shows a chart of monthly values throughout an average year to show the water
yield for the James River basin (see Appendix A for heading definitions). Figure 8 displays the
monthly average sediment yield throughout the James River watershed from 1988-2018. Sediment
yield is critical to understand via models because it impacts turbidity of the water, as well as binds
pollutants and nutrients which can become resuspended. Also, sedimentation can cover or destroy
the habitat for benthic organisms. One thing that stands out when comparing Figures 7 and 8 is
that April and May with high sediment yield in Figure 8 are also among high water yield months.
High water yields from precipitation and snowmelt upstream cause pulses of water, which can
increase erosion and resuspension of sediment and discharge nutrients into the river, thereby
reducing water quality.
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Figure 7

Chart from HAWQS showing the average monthly values of water yield throughout
the James River watershed

Surf Q represents surface runoff and Lat Q (lateral flow) represents runoff just beneath the
surface (HAWQS, 2017)
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Figure 8

Chart from HAWQS showing the average monthly values of sediment yield

Measured in tons per hectare throughout the James River watershed (HAWQS, 2017)

Seasonal Trends
Figure 9 (a, b, c, d) shows seasonal trends in Organic Nitrogen, Sediment, Organic
Phosphorus, and Precipitation, respectively, graphed from the data obtained from the SWAT
model output. A general increase is observed in all four variables throughout the time frame of
the model. The large spike in all four variables in the year 2003 corresponds to Hurricane Isabel.
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Figure 9

Seasonal Trends charts (a,b,c,d)

Figure 9 (a, b, c, d) shows trends in Organic Nitrogen, Sediment, Organic Phosphorus, and
Precipitation, respectively, in the James River watershed from the SWAT model output,
timeframe 1988-2018

Supplemental Analysis
In addition to running the SWAT model, further data analysis of the land use patterns was
conducted outside of, and separate from, the SWAT model or HAWQS system to analyze its
potential impact on runoff changes and possible changes in sediment and nutrient yields to the
James River watershed. Land cover charts were obtained from six time periods within the model
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range, 1992, 2001, 2004, 2008, 2011, and 2016. The satellite land cover charts were loaded into
ArcGIS to determine the area of each land cover class by HUC subbasin in the James River
watershed. Appendix E shows the file information and source of the GIS files used for this
analysis. The 1992 enhanced land cover data was used as the earliest data for the timeframe since
it included the 1980’s land cover in its enhancement (Nakagaki, 2010). The 2016 land cover was
the latest available data at the time of analysis.
The following steps were taken in the process to extract land cover data acreages by HUC
within ArcGIS.
1. Added both the HUC shapefile and a given year of land cover data file to ArcMap.
2. Made sure both files were in the same projection and re-projected file if needed.
3. Clipped the land cover dataset by the HUC shapefile boundaries.
4. Ran the GIS function, “Tabulate Area” using the raster file as the first input, then the HUC
shapefile, to show the area of each land cover type by HUC.
5. Exported the “Tabulate Area” output file to Excel for further analysis as described below.
The above steps were repeated for each of the time periods used in the analysis, except for
2011 since the data came directly from the HAWQS project. The 1992 enhanced land cover and
2016 land cover maps of the James River, Virginia watershed are shown in Figures 10 and 11,
respectively, to display the land cover changes over the time period of the modeling.
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Figure 10

Land cover map of the James River watershed using enhanced 1992 satellite data in
ArcGIS
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Figure 11

Land cover map of the James River watershed using 2016 satellite data in ArcGIS

One of the most evident visual changes in land cover occurred near Richmond, VA area as
urban and suburban sprawl increased over time. By 2016, high intensity development increased
along the river in association with the urban areas, while the low, medium, and open space
development dramatically fanned out from the city which also marked decreases in the forest cover
in those areas. Figure 11 below shows a magnified view from the above maps of the greater
Richmond area along the fall line of the James River.

33

Figure 12

Changes in land cover over time along fall line of James River
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For the bulk of the statistical analysis, Principal Component Analysis (PCA) and a
correlation matrix were completed on the SWAT model output data along with the land use data.
Appendix A, Table 13 shows the definitions of the water quality and quantity categories from the
SWAT model output, and Appendix A, Table 14 shows the full compiled data used in the PCA
and correlation matrix set-up.
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CHAPTER IV
RESULTS
Land Cover
Although difficult to compare directly across time periods due to the changes in naming
classification from the National Land Cover Database, it was necessary to quantify the land cover
changes across the time periods. Given the variation in nomenclature, for this project the land use
categories were grouped into the five classes to encompass the highest percentage of area. The
five classes were called:
•

Forest

•

Hay

•

Residential

•

Wetlands

•

Cultivated Crops

The classes in each of the above categories varied over the range of the years, but this
analysis attempted to account for the top five of the largest percentage of land cover areas.
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Figure 13

Land cover percentages represented in the grouped categories for each year,
arranged by HUC along the main stem of the James River watershed.

Figure 13 shows the land cover percentages for each year for the HUCs along the main
stem of the James River, which for most of the HUCs show that at least 95% of all the land cover
possibilities were accounted for. The exception is the “Open Water” classification which was not
included in the analysis comprising the bulk of the difference in HUC 2080206 which is nearest
the Bay where the river is widest. For example of how the grouped land cover classes work, the
“forest” land cover included all forest types and the “residential” represented all developed land
cover types. Appendix C shows the full descriptions of the land cover categories from the most
recent 2016 classification. This process resulted in six years of comparable land cover data
spanning the timeframe of the SWAT analysis to be used for comparison with the model output of
the water quality and quantity data in the watershed (dataset is shown in Appendix A, Table 14).
37

To show the changes across the time period of analysis, I calculated the percent of total
HUC land area for each land cover class. Tables 6 and 7 represent the percent land cover by each
of the five grouped classes for the HUC’s along the main stem of the James River during the
beginning of the time period (1992) and the end of the time period (2016).

Table 6

1992 Land cover % of total HUC area

Land Cover 1992

2080201Upper
James

2080203Upper
Middle

2080205Lower
Middle

2080206Lower
James

Forest
Hay

86.35%
9.60%

77.63%
13.34%

68.78%
15.51%

45.98%
7.44%

Residential

1.83%

4.72%

6.30%

14.98%

Wetlands

0.11%

0.48%

3.82%

7.53%

Cultivated Crops
Total

1.09%
98.98%

1.16%
97.35%

1.85%
96.27%

8.26%
84.19%

Table 7

2016 Land cover % of total HUC area

Forest

2080201Upper
James
84.34%

2080203Upper
Middle
68.24%

2080205Lower
Middle
60.04%

2080206Lower
James
35.52%

Hay

10.61%

22.88%

20.41%

4.24%

Residential

4.12%

6.87%

10.68%

21.59%

Wetlands

0.05%

0.37%

4.48%

13.91%

Cultivated Crops

0.31%

0.66%

2.82%

10.01%

Total

99.44%

99.02%

98.42%

85.26%

Land Cover 2016

The tables above show that the HUC 2080201 did not change much in forest cover, which
makes sense because of a predominance of national forest protection. The HUC 2080205, which
includes the greater Richmond area, showed that the residential cover increased from 6.30% in the
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1990’s to 10.68% in 2016 due to urban and suburban sprawl. The HUC 2080206, which is the
closest to the Bay, did see an increase in the wetlands cover from 7.53% to 13.91% due to
improvements in conservation methods, but also showed an increase in residential from 14.98%
to 21.59% because of the urban growth of the Hampton Roads area.

Principal components analysis
To identify the most salient relationships in the data, exploratory Principal Components
Analysis (PCA) was used. PCA is useful in that it reveals the most important associations and
interactions between variables in large datasets. By highlighting the variables which have the
greatest influence, PCA reduces the large dataset to isolate those variables which require further
study. PCA was run on the dataset (Appendix A, Table 14), yielding the three main principal
components shown in Figure 14.
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Figure 14

Component Plot in Rotated Space

Table 8 shows the numerical output for the principal component analysis. The far-left
column displays all 14 components in the model in decreasing order of magnitude. In addition to
the principal components, eigenvalues, which indicate quality, for each component were calculated
and these are shown in the second column (Total eigenvalues). The highest eigenvalue is the
principal component, the second highest is the second principal component. The most important
components in the model are those with total eigenvalues greater than 1 (Geert van den Berg,
2020).
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Table 8

Principal component analysis

COMPONENT
1

TOTAL
EIGENVALUES
7.273

%
VARIANCE
51.951

CUMULATIVE
VARIANCE
51.951

2

3.536

25.260

77.211

3

1.123

8.021

85.232

4

0.910

6.502

91.734

5

0.512

3.657

95.390

6

0.314

2.242

97.632

7

0.179

1.280

98.913

8

0.083

0.592

99.504

9

0.038

0.269

99.773

10

0.017

0.121

99.894

11

0.007

0.049

99.943

12

0.004

0.031

99.974

13

0.003

0.023

99.997

14

0.000

0.003

100.000

The third column (% Variance) displays the percent of variance explained by each
component. The far-right column shows the cumulative variance of the model after adding
successive principal component. Note that the 3 top principal components explain over 85% of all
variance in the model. Component 1 explained 51.95% of the variance in the model, while
components 2 and 3 explained 25.26% and 8%, respectively. Furthermore, the total eigenvalues
for the first 3 principal components were 7.273 (PC1), 3.536 (PC2) and 1.12 (PC3).
Since there is such a pronounced difference between the first two principal components
and the much lower third principal component, only the first two components were deemed vital
to the James River basin analysis.
Figure 12 shows the PCA biplots (aka loading plots) for the James River watershed using
the summed (yearly total) SWAT model results. PCA results using Average data displayed the
same biplot pattern and results indicating that the relationships between model variables are the
same whether the Sum or Average data were used.
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Figure 15

PCA biplot using SUM data in the model

PCA biplots are composed of an array of vectors, each representing a variable in the
dataset. Figures 16 and 17 are scree plots for the first two principal components. These scree plots
indicate which variables have the greatest influence in the model. Figure 16 shows the dominant
contributions to the first principal component from the following categories: residential, forest,
sediment yield, wetlands, cultivated crops, organic nitrogen (ORGN), sediment-bound phosphorus
(SedP) and organic phosphorus (ORGP). In this figure for Dimension 1 (Component 1), the
variables above the red-dotted line are those variables that had the greatest influence in this model.
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Figure 16

The variables that are most influential (in descending order) in Component 1

Figure 17 is a scree plot for Principal Component 2. This component on the vertical axis
explains 25.3% of the variance and receives contributions from soluble phosphorus (SolP), surface
nitrogen (N_Surface), soil water (SW), land cover in hay (Hay), and organic phosphorus (ORGP).
Figure 17 shows the variables which had the greatest influence in determining Component 2 (also
known as Dimension 2) by explaining most of the variance in the model. The dominant variables
are those that extend above the red-dotted line in Figure 17.
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Figure 17

The variables that are most influential (in descending order) in Component 2

The scree plot for principal component 3 is represented by Figure 18. The dominant
variables for component 3 are those which extend above the red dotted line, which are
precipitation, surface runoff (SURQ), and soil water (SW). Component 3 explains 8% of the
variance in the model.
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Figure 18

The variables that are most influential (in descending order) in Component 3

The direction of each vector indicates how each variable that it represents contributes to
the top two principal components. For example, in Figure 16, all vectors except sediment yield
(SedYield), surface runoff (SURQ), and residential, wetland and cultivated crop land uses have
positive contributions to the first principal component. Similarly, all vectors except for forest, hay,
and soluble phosphorus (SolP) have positive contributions to the second principal component.
Additionally, the length of each vector represents the magnitude of the impact that each
variable has on the principal components. Note that in Figure 15, the length of the vectors
representing precipitation (PRECIP) and surface runoff (SURQ) indicate that these variables have
less of an impact on sediment yield (SedYield) in the James River watershed compared to the land
use variables (Forest, Cultivated Crops, Wetlands, and Residential categories).
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In addition to the length of the vector representing variables, the clustering of vectors is
also an important indicator of relationships in the data. Note in Figure 19 that there are 3 distinct
clusters in the model output represented visually. Each of these clusters indicates correlation
between the variables represented by the individual vectors.

Figure 19

PCA biplot showing three distinct clusters in the data

The first cluster near the top of the graph (in blue) shows that the variables hay land cover,
soluble phosphorus (SolP), surface nitrogen (N_Surface) and soil water (SW) are closely related.
The second clustering of variables in green indicates that precipitation, sediment-bound
phosphorus (SedP) and both organic nitrogen and phosphorus are correlated with one another. The
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third cluster in red shows that the variables surface runoff (SURQ), sediment yield and three land
cover types (residential, wetland and cultivated crops) are closely linked.
In addition to the clustering, the angle between individual vectors is also of tremendous
value in interpreting PCA biplot results. The angle between the vectors tells how the variables are
correlated (or not) to one another. For example, if the vectors are perpendicular to one another (if
they make a 90-degree angle), then these variables are not likely to be correlated. On the other
hand, small angles between vectors indicate that the variables they represent are directly (or
positively) correlated. Referencing Figure 15, small angles (< 45 degrees) between vectors
indicate that there is a positive correlation where an increase (decrease) in one variable is
associated with an increase (decrease) in the other. From Figure 15, such relationships are visible,
particularly on the right side of the graphs.
Indirect (or negative) correlations are indicated in biplots where the angle between vectors
diverge and form angles around 180 degrees. Obtuse (greater than 90 degrees but less than 180
degrees) and straight angles (equal to 180 degrees) indicate that the variables represented are
indirectly (or negatively) related to one another. In such cases, an increase (decrease) in one
variable is associated with a decrease (increase) in the other. Figure 15 indicates an indirect
correlation between the ‘Forest’ land class and sediment yield (SedYield) and surface runoff
(SURQ).

Communalities
In the SPSS output, a communalities table was generated, and the results are presented
below in Table 9. Communalities indicate the proportion of each variable’s variance that can be
explained by the principal component (Geert van den Berg, 2020). They are analogous to an r47

squared value. There are several variables that explain a large proportion of the variance in the
Principal Component Analysis. Four variables explain over 90% of the variance while another
nine variables explain more than 75%.

Table 9

Communalities

Variable
Initial
Extraction
PRECIP
1.000
.864
SW
1.000
.781
SURQ
1.000
.794
Sed Yield
1.000
.855
ORGN
1.000
.842
ORGP
1.000
.892
N Surface
1.000
.669
Sol P
1.000
.888
Sed P
1.000
.805
Forest
1.000
.922
Hay
1.000
.879
Residential
1.000
.926
Wetlands
1.000
.908
Cultivated Crops
1.000
.907
Extraction Method: Principal Component Analysis

Varimax Rotation
In addition to identifying which variables have the greatest influence, principal component
analysis yields important information regarding the amount of variance explained by each
component for each variable in the model. After identifying the principal components, a varimax
(variable maximum) rotation was used to reframe the coordinates and maximize the variances so
that each variable is matched to a single factor (Geert van den Berg, 2020). The varimax rotation
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results are shown in Table 10 below. This varimax rotation is useful in that it redefines what the
components represent by showing which variables are most highly correlated to each component.
The four land cover categories were most highly correlated to the first principal component.
Nutrient levels such as soluble Phosphorus, surface Nitrogen and soil water were the variables
most highly correlated to the second principal component while precipitation and resulting surface
runoff were emphasized as having the greatest contribution to the third principal component.

Table 10

Varimax Rotated Components
Component
2

1
3
Variable
Forest
-.951
-.127
Residential
.935
-.107
.202
Wetlands
.903
-.238
.190
Cultivated
.898
-.266
.171
Crops
Sed Yield
.848
.357
ORGN
.765
.394
.320
Sed P
.728
.458
.257
ORGP
.668
.589
.316
Sol P
-.430
.825
.152
N Surface
.794
.187
SW
.347
.793
-.178
Hay
-.462
.764
-.286
PRECIP
.256
.276
.850
SURQ
.407
-.199
.767
Extraction Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser
Normalization
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Correlation Matrix
In the next part of the analysis, a correlation matrix was generated from the dataset
(Appendix A, Table 14), to better identify and quantify relationships between variables in the
James River watershed.

The correlation matrix identified the strongest, most significant

correlations between SWAT output variables, and indicated whether these relationships were
statistically significant (at either the 5% or 1% level). The correlation analysis used two-tailed
tests to see if there were significant associations in either direction (positive or negative
correlations). Table 11 shows the correlation matrix for all variables in the SWAT model output.

50

Table 11

Correlation matrix for key model variables

Variable
PRECIP
SW
SURQ
Sed Yield

PRECIP
1.000
0.242
0.623**
0.458

*

SW

SURQ Sed Yield ORGN

1.000
-0.051

ORGP N Surface Sol P

Sed P

0.118 0.644**
0.411*

0.344

0.802**

ORGP

0.600** 0.536**

0.294

0.684** 0.967**

0.467

*

-0.030

-0.112

0.251

0.445*

1.000

0.506

*

-0.151

*

-0.047

0.179

0.777**

1.000

0.490

*

0.709

**

0.921

**

0.920

**

0.275

0.044

-0.796

**

-0.662

**

-0.585

**

-0.028
*

Sol P

0.208

Sed P

*

Forest
Hay

0.503

-0.347

0.347

-0.347 -0.555

-0.168 0.559

**

Residential Wetlands

Cultivated
Crops

1.000

0.595**
0.266

Hay

1.000

ORGN
N Surface

Forest

**

-0.447

*

**

-0.472

1.000

*

-0.188

0.012

**

**

**

-0.509
0.839

1.000

0.671

0.569

0.513

-0.043

1.000

0.344 -0.617**
0.779

**

1.000

-0.102

0.461*

1.000

**

**

-0.540**

1.000

Residential

0.376

0.235 0.609

Wetlands

0.304

0.138 0.634**

0.782** 0.555**

0.447*

-0.109 -0.471*

0.505* -0.958** -0.647**

0.965**

1.000

Cultivated Crops

0.303

0.089 0.563**

0.748** 0.560**

0.440*

-0.125 -0.515** 0.535** -0.934** -0.708**

0.926**

0.970**

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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-0.400 0.584

-0.982

1.000

Overall, the same data trends that were identified in the PCA biplots were also evident in
the correlation matrix. However, a more detailed assessment of all variables in the SWAT model
was possible after correlation analysis, and it was possible to more precisely quantify the nature of
the associations. For example, the hydrological processes and impacts for the James River
watershed are more discernable from the correlation results. These results are discussed in greater
detail in the following sections.
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CHAPTER V
DISCUSSION
Biplot
The red cluster on the biplot (Figure 19) shows that the variable sediment yield (SedYield)
is positively correlated to surface runoff and the three land use classes residential, wetland and
cultivated crop. This indicates that for sediment transport into the James River, land use has a
greater impact than other factors such as runoff (SURQ) or precipitation amounts (PRECIP). In
fact, the “Residential” land use category appears to have the greatest impact on sediment yield
(SedYield) and surface runoff (SURQ) than any other land cover in the model. This is displayed
by the long vectors for those variables on the biplot. Similarly, the green cluster depicts nutrient
variables for the James River watershed such as organic phosphrous (OrgP), sediment-based
phosphrous (SedP) and organic nitrogen (ORGN) are positively correlated to precipitation more
so than surface runoff (SURQ) or any land cover. This indicates that for organic nitrogen and
phosphorus, precipitation is a greater factor for nutrient transport into the James River watershed
than either surface runoff (SURQ) or land cover classification (Forest, Residential, Wetland,
Cultivated Crop). On the other hand, the blue cluster shows that surface nitrogen is more closely
(and directly) related to soil moisture (SW) than it is to either precipitation, surface runoff or land
cover, likely due to agricultural application of fertilizer. This demonstrates the important role of
soil moisture and lateral flow below the surface for nutrient transport through the vadose zone in
the watershed.
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In general, this model highlights several hydrologic processes at work and how they relate
to water quality and land cover/land use. Hydrologic units covered primarily in forest land cover
are associated with lower levels of runoff and sediment being transported into the James River.
Forested land cover appears to have a greater impact on surface runoff and sedimentation of the
James River than any other variable from the SWAT model. The same negative correlation was
observed between hay fields and the sediment yield (SedYield) and surface runoff (SURQ)
variables but the relationship does not appear to be as strong as it is for the forest land cover
classification. Trees are vital to our ecosystem, as well as an important component of the
hydrologic cycle, as they provide for root uptake of water, evapotranspiration, and shade.

Communalities
Table 9 shows the output with the proportion of variance accounted for by the variables in
the principal components. These are known as the communalities and are analogous to r-squared
values in correlation analysis. The four land cover variables (Residential, Forest, Wetlands and
Cultivated Crops) accounted for the greatest amount of variation explained by the principal
components. This indicates that land cover is a significant factor for water quality and watershed
modeling as it describes the movement of water over the landscape within a watershed. The top
two land cover variables were Residential (0.926) and Forest (0.922). It is interesting to note that
these land cover types behave in entirely different ways when it comes to runoff over the surface
and resulting water quality downstream. Forest cover slows surface runoff and results in increased
infiltration, reduced surface runoff, lower sediment yields and improved water quality in a
watershed. Developed areas with increased areas of impervious surfaces have the opposite effect
and are more likely to increase surface runoff and result in increased sedimentation and non-point
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source pollutants being transported into the watershed downstream. Another interesting finding is
that there was a greater proportion of the variance of land cover categories (from 0.879 to 0.926),
sediment (0.855) and nutrient variables (0.888 for soluble phosphorus. 0.805 for sediment-bound
phosphorus and 0.669 for surface nitrogen) explained by the principal components compared to
actual hydrologic processes such as precipitation (0.864), surface runoff (0.794) and soil water
(0.781). This indicates that human modification of the land surface has an even greater impact on
nutrient and sediment transport and water quality than the physical processes involved.

Varimax Rotation
The varimax rotation was another part of the analysis used to extract the variables which
best determined what each principal component from the SWAT model output represented. Each
of the values in Table 12 represent an estimate of the correlation between the variables and their
principal components. The first principal component is most highly correlated to land cover
classification categories derived from the satellite data and GIS analysis. For the first principal
component, land cover classes including Forest (-0.951), Residential (0.935), Wetlands (0.903)
and Cultivated crops (0.898) had the highest values. What is most interesting is that the Forest
category was negatively correlated to the first principal component, whereas the other land classes
were positively correlated. For the second principal component, the variables that represent
nutrient levels (soluble phosphorus = 0.825, surface nitrogen = 0.794), soil water movement
(0.793) and the Hay land cover (0.764) had the highest values.

Variables with moderate

correlations for the second principal component included organic phosphorus (0.589) and
sediment-bound phosphorus (0.458). Therefore, the second principal component is defined more
so by soil water processes, nutrient transport, and the hay land cover class. The third principal
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component is defined primarily through the related hydrologic processes of precipitation (0.850)
and surface runoff (0.767).

Table 12

Rotated Component Matrix
Component
1
2
-.951
.935
-.107
.903
-.238
.898
-.266

3
Variable
Forest
-.127
Residential
.202
Wetlands
.190
Cultivated
.171
Crops
Sed Yield
.848
.357
ORGN
.765
.394
.320
Sed P
.728
.458
.257
ORGP
.668
.589
.316
Sol P
-.430
.825
.152
N Surface
.794
.187
SW
.347
.793
-.178
Hay
-.462
.764
-.286
PRECIP
.256
.276
.850
SURQ
.407
-.199
.767
Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization

Correlation Matrix
The correlation matrix shown in Table 11 yielded critical information on the strength,
direction, and statistical significance of the relationships between all variables in the SWAT model
output.
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In analyzing hydrologic processes, precipitation had its highest correlation with surface
runoff. Precipitation was positively correlated to surface runoff for the entire watershed (r = 0.623)
and was significant at the 1% significance level.

This is the strongest correlation for the

precipitation value and indicates that runoff is responsive to precipitation. This is a stronger
correlation than for any other component of the hydrologic cycle. (Soil moisture was not
significantly correlated to precipitation values.)
For other variables in the model, surface runoff was most strongly correlated to sediment
yields for the James River watershed (r = 0.644) and this relationship was significant at the 1%
level. This positive correlation was stronger than it was for precipitation and sediment yield (r =
0.458). This indicates that sedimentation of the James River was more closely linked to runoff, as
opposed to actual precipitation amounts. Generally, higher runoff was associated with higher
sediment yields demonstrating the erosive power of water (particularly at higher velocities) as it
flows over the land surface.
Land cover also plays an important role in sediment transport in the watershed. All land
cover classifications were correlated to sediment yield and were significant at the 1% level. The
strongest correlation was the negative relationship between sediment yield and the “Forest”
classification (r = -0.796), indicating that an increase of forest cover could decrease sediment yield,
and vice versa. This illustrates an important relationship between forests and the hydrologic cycle.
Forested lands serve as an effective land cover for reducing runoff velocity and maintaining water
quality. This is especially true when forests buffer riparian areas and serve to reduce the erosive
power of water leading to sedimentation and increased sediment yields in a stream.
Conversely, there were positive correlations between sediment yield and the other land
cover classifications: “Cultivated crops” (r = 0.748), “Wetlands” (r = 0.782) and “Residential” (r
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= 0.839). Each of these relationships were significant at the 1% level. The relationship between
“Residential” and sediment yield was the strongest relationship between land cover and hydrologic
process or water quality variables in the model. When natural land cover is replaced with
impervious paved surfaces, precipitation is directed into runoff more quickly than over other land
surface cover. Increased runoff enhances the erosive power of water leading to an increase in
water’s sediment yield and lowering water quality.
In addition to sediment, the James River watershed is impacted by nutrient transport via
dissolution and by being bound to sediment. Nitrogen is an important water quality indicator to
monitor, as it can accumulate in the Bay from precipitation runoff and lead to algal blooms
(UMCES, 2019). Phosphorus is another critical measurement since it is also related to harmful
algal blooms, as well as sediment in the water which is also harmful to aquatic life (UMCES,
2019). Organic nitrogen and phosphorus have a strong, positive correlation (r = 0.967, 1%
significance), indicating that the same process that causes nitrogen to rise also causes phosphorus
to rise. Furthermore, both nutrients are commonly applied together as fertilizer in agricultural and
residential settings, so it is unsurprising that such a strong correlation was observed. For organic
nitrogen and phosphorus, significant correlations were found between nutrient levels and
precipitation (r = 0.595 for nitrogen and r = 0.600 for phosphorus), soil moisture (r = 0.411 for
nitrogen and r = 0.536 for phosphorus), and sediment yield (r = 0.802 for nitrogen and r = 0.684
for phosphorus). Statistically significant correlations were also found between nutrient levels and
four of the land cover classifications. In general, forested environments were negatively correlated
to nutrient levels (r = 0.662 for nitrogen and r = 0.585 for phosphorus), again demonstrating the
protective impact of forests on water quality. However, increases (decreases) in the other three
land use types (Residential, Cultivated Crop and Wetlands) all saw statistically significant
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increases (decreases) in nutrient levels with the correlation coefficients being highest for the
Residential category (r = 0.671 for nitrogen and r = 0.569 for phosphorus).
The strongest correlations in the model output were between organic nutrient loads and
sediment yields (r = 0.802 for nitrogen and r = 0.684 for phosphorus) which were significant at the
1% level. This likely indicates sediment binding and transport as a major mechanism for nutrient
circulation through the watershed. Furthermore, both organic nitrogen and phosphorus nutrients
were positively correlated to sediment-bound phosphorus (r = 0.921, and r = 0.920), respectively,
and both were significant at the 1% level. Nutrient levels were also positively correlated to three
different land cover classifications. The strongest correlations were between the “Residential”
land classification and organic nitrogen (r = 0.671) and organic phosphorus (r = 0.569) with all
correlations significant at the 1% level. This is indicative of lower water quality from fertilizers
and increased runoff in urban and suburban settings.
Other positive correlations were found between these nutrients and the “Wetland” and
“Cultivated crop” land classes with similar (moderately positive) correlation values and
significance levels. Cultivated croplands had r values of 0.560 and 0.440 for nitrogen and
phosphorus, respectively, indicating nutrient levels were found in the runoff associated with this
land use. Ultimately, the James River emerges into the tidal region of the Chesapeake Bay where
the Wetland land use classification is prevalent. Here, all nutrients are washed downstream to the
mouth of the river and wetlands intercept that water on its way to the Bay as well as collects
sediment. Wetlands were positively correlated to nutrient levels for nitrogen (r = 0.555) and
phosphorus (0.447) in the SWAT model output.
The only statistically significant, negative correlation for organic nutrients in the analysis
involved the “Forest” land class. The “Forest” land cover classification was negatively correlated
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to both organic nitrogen (r = -0.662) and organic phosphorus (r = -0.585) and all correlations were
significant at the 1% level. This demonstrates the protective impact of forests on nutrient levels
in water as they reduce runoff and erosion and increase infiltration rates along the forest floor.
In summary, organic nutrients were found to increase (decrease) as residential, wetland or
cultivated crop land covers increased (decreased); or as sediment yields increased (decreased).
Conversely, nutrient levels were found to increase (decrease) as forest land cover decreased
(increased) in the James River watershed. Finally, organic nutrients were also shown to have
positive, significant correlations to precipitation and soil water. This indicates that nutrients
circulate widely through the James River watershed as a result of numerous physical processes,
including soil, water, plant, human, and land use characteristics. Precipitation is positively
correlated to both organic nitrogen (r = 0.595) and organic phosphorus (r = 0.600) and all
correlations were significant at the 1% level. Soil water is also positively correlated to nutrients
but with slightly lower correlation values. Soil water was correlated to organic nitrogen (r = 0.411)
and organic phosphorus (r = 0.536) with only the latter being significant at the 1% level.
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CHAPTER VI
CONCLUSION
This analysis demonstrates the multi-faceted ways in which water quality in the James
River watershed is tied to climate, hydrologic processes, and human modification of the surface
land cover. Sediment yields are primarily dependent upon surface runoff and land cover alterations
of the surface, such as paving and cultivation, which is a similar finding as Shields et al. (2008).
This is similar to Chanat & Yang (2018) who also found a trend between developed land areas,
climate change and water quality degradation. In general, residential areas are associated with
increased runoff and erosion, while forested lands have a corresponding decrease in runoff, erosion
and sediment transport. Sedimentation in the James River watershed is correlated to a lesser degree
to precipitation levels with a peak in spring when precipitation and snowmelt combine to increase
runoff across the basin. Nutrients such as nitrogen and phosphorus are transported and circulated
throughout the watershed. Nutrient loads in the James River are dependent primarily upon climate
with an emphasis on precipitation, sediment binding, soil water transport, and human modification
of the surface. These findings were also consistent with earlier studies described above such as
Ryberg et al. (2017) who also found land cover changes such as urban sprawl and increased
precipitation can degrade water quality in the Bay. Similarly, Zhang (2017) found that non-point
source pollution was related to from land cover changes and climate. An increase in forest land
cover results in a general decrease in nutrient loads while an increase in residential, cropland and
wetlands are associated with an increase in nutrient levels in the watershed. Understanding the
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different pathways and processes involved in the circulation of sediment and nutrients is necessary
to ensure suitable water quality not only in the James River watershed, but farther downstream in
the Chesapeake Bay.
Using the HAWQS system was an efficient and effective way to run the SWAT model on
the James River watershed successfully with convenient access to relevant data. PCA and
correlation matrix were used with yearly total SWAT output from 1988 to 2018 and land cover
satellite data groupings within the model time range to discern relationships among hydrologic and
terrestrial data. The greatest contributors to variance shown by the components can be attributed
to “Residential”, “Forest”, and sediment yield. The angles among the vectors in the PCA biplots
show a great impact between sediment transport and land use, and show an impact between
precipitation and nutrient transport, with soil moisture a factor as well. The angles also displayed
that forest land cover has the greatest impact on surface runoff and sedimentation than the other
variables studied. A correlation matrix quantified these relationships showing forest and sediment
yield at r = -0.796 as the strongest negative correlation, with forest also strongly negatively
correlated to both N (r = -0.662) and P (r = -0.585) as well. Residential and sediment was the
strongest positive relationship at r = 0.839. Also for nutrients related to land cover, the strongest
correlation quantified at r =0.671 for residential and N, with a close link to P as well. These
findings support the hypothesis and demonstrates that cutting down trees to build neighborhoods,
strip malls, infrastructure, etc., can degrade the water quality in the James River if protective
measures are not taken to minimize sedimentation and nutrient transport. The precipitation vs
nutrient relationship is strong was well, with both N and P showing r ≈ 0.61. These findings also
suggest that a future climate change scenario that includes an increase in precipitation may lead to
further degradation in water quality in the James River.
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This work indicates that any water quality conservation plan that does not take the entirety
of the watershed land area and localities into account will fall short of meeting its goals of helping
the James River and Chesapeake Bay thrive. Future water quality improvement plans should
address land use conservation, sustainable agricultural practices, and the root causes of climate
change. Some suggestions include homeowner education, sustainable neighborhood construction,
conversion to organic farming and precision agriculture where only the amount of fertilizer needed
are added, tree protection incentives on private lands, ban on clear cutting for developmental
purposes, limiting tree cutting in riparian areas, planting replacement trees, focus on improving
existing infrastructure rather than expansion, and strong climate change goals. The most important
objective is to raise awareness throughout the watershed that our actions on land can have a direct
and lasting impact on the future of our clean water.
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CHAPTER VII
STUDY LIMITATIONS AND FUTURE WORK
For future work, this study could be expanded to model the impacts of potential climate
change scenarios in the event of increased precipitation and increased runoff. The main limitation
of this study is that it does not adequately account for tidal processes, so there is limited
applicability near the Chesapeake Bay in the coastal plain, but the SWAT model is more widely
applicable for the remainder of the James River basin.

Also, existing water treatment

improvements and environmental protection laws are another factor in water quality, and these
were not examined. Since groundwater is another major source of drinking water throughout the
James River watershed and not examined due to a limitation of the SWAT model, a future study
could focus on coupling results from groundwater modeling in the watershed as well as the impact
of karst processes, such as through the use of the SWAT-MODFLOW extension. Other tributaries
in the Chesapeake Bay could also be studied using similar methods.
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Table 13
Variable
name
SUB
GIS
MON
AREA
PRECIP
SNOMELT
PET
ET
SW
PERC

SURQ
GW_Q
WYLD

SYLD
ORGN
ORGP
NSURQ
SOLP
SEDP
LATQ
LAT_Q_NO
3
(SWAT, 2012)

Table defining variables used in output from SWAT model for water quality and
quantity indicators.
Definition
Subbasin number.
GIS code reprinted from watershed configuration file (.fig). See explanation of subbasin
command.
Daily time step: the julian date, Monthly time step: the month (1-12), Annual time step:
4-digit year, Average annual summary lines: number of years averaged together
Area of the subbasin (km2).
Total amount of precipitation falling on the subbasin during time step (mm H2O).
Amount of snow or ice melting during time step (water-equivalent mm H2O).
Potential evapotranspiration from the subbasin during the time step (mm H2O).
Actual evapotranspiration from the subbasin during the time step (mm).
Soil water content (mm). Amount of water in the soil profile at the end of the time
period.
Water that percolates past the root zone during the time step (mm). There is
potentially a lag between the time the water leaves the bottom of the root zone and
reaches the shallow aquifer. Over a long period of time, this variable should equal
groundwater
Surface runoff contribution to streamflow during time step (mm H2O).
Groundwater contribution to streamflow (mm). Water from the shallow aquifer that
returns to the reach during the time step.
Water yield (mm H2O). The net amount of water that leaves the subbasin and
contributes to streamflow in the reach during the time step. (WYLD = SURQ + LATQ +
GWQ – TLOSS – pond abstractions)
Sediment yield (metric tons/ha). Sediment from the subbasin that is transported into
the reach during the time step.
Organic N yield (kg N/ha). Organic nitrogen transported out of the subbasin and into
the reach during the time step.
Organic P yield (kg P/ha). Organic phosphorus transported with sediment into the reach
during the time step.
NO3 in surface runoff (kg N/ha). Nitrate transported by the surface runoff into the
reach during the time step.
Soluble P yield (kg P/ha). Phosphorus that is transported by surface runoff into the
reach during the time step.
Mineral P yield (kg P/ha). Mineral phosphorus attached to sediment that is transported
by surface runoff into the reach during the time step.
Lateral flow contribution to streamflow during timestep (mm H2O)
Lateral flow nitrate contributions to streamflow (kh/ha)

Table 14

Table showing PCA and correlation matrix set-up dataset

PRECIP

SW

SURQ

86.5583
98.2000
83.8167
95.0500
69.9750
68.2000
65.7667
70.7500
100.5750
98.6833
100.4250
121.3083
75.5000
84.3083
93.5083
95.2667
96.8833
108.3667
104.3667
110.2667
97.1917
101.1083
94.8417
116.5833

73.3121
267.9045
256.3887
196.6781
67.9176
231.8056
215.7693
171.2268
77.4581
269.2454
278.7583
204.1403
69.3283
234.5383
232.5915
179.5733
72.1222
267.8046
263.4123
191.9313
74.4180
266.7769
262.8374
196.6722

14.3084
6.6046
16.6134
19.8110
10.5794
3.2908
13.2256
14.7056
24.1071
7.0624
28.6596
36.8994
10.0562
4.5768
23.6648
24.6596
21.5676
8.5754
29.0049
32.6796
21.7678
7.6629
27.5138
32.8357

Sed
Yield
0.0020
0.0025
0.0077
0.0244
0.0015
0.0012
0.0053
0.0051
0.0033
0.0027
0.0118
0.0151
0.0013
0.0019
0.0100
0.0470
0.0030
0.0032
0.0151
0.0416
0.0031
0.0028
0.0108
0.0375

ORG N

ORG P

0.0179
0.0713
0.0369
0.1190
0.0196
0.0464
0.0358
0.0387
0.0373
0.1033
0.0804
0.1033
0.0156
0.0772
0.0731
0.2573
0.0379
0.1431
0.1118
0.1532
0.0440
0.1348
0.0729
0.1713

0.0035
0.0163
0.0103
0.0201
0.0039
0.0091
0.0089
0.0078
0.0074
0.0202
0.0175
0.0192
0.0031
0.0165
0.0173
0.0451
0.0075
0.0288
0.0242
0.0257
0.0114
0.0331
0.0210
0.0288

N
Surface
0.1452
0.2129
0.2229
0.1736
0.1218
0.2201
0.1831
0.2516
0.2234
0.4305
0.3768
0.2424
0.1138
0.1992
0.2285
0.2809
0.1932
0.3384
0.1959
0.1808
0.3588
0.6522
0.5935
0.1808

Sol P

Sed P

0.0156
0.0373
0.0286
0.0076
0.0181
0.0278
0.0363
0.0178
0.0333
0.0533
0.0621
0.0313
0.0167
0.0365
0.0474
0.0088
0.0322
0.0655
0.0478
0.0082
0.0493
0.0754
0.0658
0.0082

0.0057
0.0248
0.0214
0.0528
0.0067
0.0153
0.0162
0.0151
0.0128
0.0333
0.0348
0.0393
0.0049
0.0247
0.0317
0.0898
0.0117
0.0437
0.0501
0.0324
0.0151
0.0405
0.0307
0.0382
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Forest
86.35%
77.63%
68.78%
45.98%
84.56%
72.88%
65.40%
37.61%
84.41%
72.60%
64.56%
37.38%
84.01%
71.76%
63.00%
36.69%
85.16%
73.89%
65.95%
35.40%
84.34%
68.24%
60.04%
35.52%

Hay
9.60%
13.34%
15.51%
7.44%
10.48%
18.66%
16.55%
3.90%
10.62%
18.87%
17.27%
4.06%
11.02%
19.58%
18.21%
3.66%
8.99%
16.81%
17.89%
8.16%
10.61%
22.88%
20.41%
4.24%

Residential
1.83%
4.72%
6.30%
14.98%
4.10%
6.60%
9.76%
19.37%
4.10%
6.60%
9.76%
19.37%
4.10%
6.76%
10.32%
20.77%
4.88%
7.48%
9.68%
23.21%
4.12%
6.87%
10.68%
21.59%

Wetlands
0.11%
0.48%
3.82%
7.53%
0.04%
0.38%
4.53%
14.16%
0.04%
0.36%
4.48%
14.07%
0.04%
0.36%
4.48%
13.88%
0.01%
0.15%
3.13%
12.12%
0.05%
0.37%
4.48%
13.91%

Cultivated
Crops
1.09%
1.16%
1.85%
8.26%
0.26%
0.50%
2.22%
10.28%
0.27%
0.51%
2.30%
10.30%
0.28%
0.50%
2.40%
10.12%
0.31%
0.61%
1.86%
6.42%
0.31%
0.66%
2.82%
10.01%
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Table 15

HAWQS Bibliography information

INPUT
Weather

SOURCE
NCDC NWS/NOAA1
PRISM2
NEXRAD3
NEXRAD PRISM
corrected
USDA-NRCS4
MRLC (Fry)5

NOTES
1961-2010 (Thiessen
Polygon)
1981-2015 (gridded)
2005-2015(gridded)
2005-2015(gridded)
STATSGO
NLCD (2006) and CDL
(2011-2012)

Aerial Deposition
Watershed
Boundaries
Stream Networks
Elevation
Point Sources

NADP6
USGS7

(1980-2010) monthly
HUCS 8, 10, and 12

NHDPlus8
NED9
USGS10

Management Data

USDA11,12

Reservoirs

USACE13

Livestock and Crops
Model

USDA-NASS14
USDA-ARS and Texas
A&M

Reduced form
October 2010
30 meter DEM
October 2010
Regression of
October 2010
population and
SPARROW model
outputs
CDL (tillage,
January 2015
fertilizer/manure, crop
yields) (NRCS field
database) and Cropland
Management Dataset
National Inventory of
October 2010
Dams
October 2010
Soil Water Assessment January 2015
Tool

Soil
Land Use

DATE ACCESSED
October 2010
and July 2017

October 2010
October 2010
and
January 2015
October 2010
October 2010

HAWQS v1.0
Inputs
Version 1.0 – Released September 2017
(Note the dates in table are provided by HAWQS website during the system initiation and are not
consistent with updates for weather data)

1. Menne, M.J., I. Durre, R.S. Vose, B.E. Gleason, and T.G. Houston, 2012: An overview of the Global
Historical Climatology Network-Daily Database. Journal of Atmospheric and Oceanic Technology, 29,
897-910, doi:10.1175/JTECH-D-11-00103.1.
2. United States Department of Agriculture, Natural Resources Conservation Practices, Climate—
Parameter-elevation Regressions on Independent Slopes Model (PRISM). Available online:
http://www.wcc.nrcs.usda.gov/climate/prism.html (Accessed on 1 October 2010)
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3. NOAA National Weather Service (NWS) Radar Operations Center (1991): NOAA Next Generation
Radar (NEXRAD) Level 2 Base Data. NOAA National Centers for Environmental Information.
doi:10.7289/V5W9574V [Accessed on 1 July 2017].
4. Soil Survey Staff, Natural Resources Conservation Service, United States Department of Agriculture.
U.S. General Soil Map (STATSGO2). Available online at http://sdmdataaccess.nrcs.usda.gov/. (Accessed
on 1 October 2010)
5. Fry, J., Xian, G., Jin, S., Dewitz, J., Homer, C., Yang, L., Barnes, C., Herold, N., and Wickham, J., 2011.
Completion of the 2006 National Land Cover Database for the Conterminous United States, PE&RS, Vol.
77(9):858-864.
6. University of Illinois at Urbana-Champaign, Atmosphere Deposition—National Atmospheric
Deposition Program (NADP). Available online: http://nadp.sws.uiuc.edu/ (Accessed on 1 October 2010)
7. Coordinated effort between the United States Department of Agriculture-Natural Resources
Conservation Service (USDA-NRCS), the United States Geological Survey (USGS), and the Environmental
Protection Agency (EPA). The Watershed Boundary Dataset (WBD) was created from a variety of sources
from each state and aggregated into a standard national layer for use in strategic planning and
accountability. Watershed Boundary Dataset for {county, state, or HUC#}, State [Online WWW].
Available URL: "http://datagateway.nrcs.usda.gov" [Accessed 1 October 2010].
8. United States Environmental Protection Agency and United States Geological Survey, National
Hydrography Dataset Plus-NHDPlus. Available online: http://epa.gov/waters (Accessed on 1 October
2010)
9. United States Geological Survey, National Elevation Dataset-NED, Available online:
http://nationalmap.gov/elevation.html (Accessed on 1 October 2010)
10. Schwarz, G.E., Hoos, A.B., Alexander, R.B., and Smith, R.A., 2006, The SPARROW surface waterquality model: Theory, application and user documentation: U.S. Geological Survey Techniques and
Methods, section B, chapter 6-B3, 248 p., available only online at http://pubs.usgs.gov/tm/2006/tm6b3/
11. United States Department of Agriculture, National Agricultural Statistics Service (NASS). Land Use Cropland Data Layer (agricultural). Available online: http://nassgeodata.gmu.edu/CropScape/ (Accessed
on 1 January 2015)
12. White, Michael, Marilyn Gambone, Haw Yen, Prasad Daggupati, Katrin Bieger, Debjani Deb, and Jeff
Arnold, 2016. Development of a Cropland Management Dataset to Support U.S. Swat Assessments.
Journal of the American Water Resources Association (JAWRA) 52(1): 269274. DOI: 10.1111/17521688.12384
13. United States Corps pf Engineers, Reservoirs—National Inventory of Dams (NID). Available online:
http://nid.usace.army.mil/cm_apex/f?p=838:5:0::NO (Accessed on 1 October 2010)
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14. United States Department of Agriculture, National Agricultural Statistics Service (NASS). Land Use Cropland Data Layer (agricultural). Available online: http://nassgeodata.gmu.edu/CropScape/ (Accessed
on 1 October 2010)
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Table 16

SWAT model set-up parameters

Basin input data
Variable Description
SFTMP Snowfall
temperature (°C)
SMTMP Snow melt base
temperature (°C)
SMFMX Melt factor for snow
on June 21
(mm·H2O/°C -day)
SMFMN Melt factor for snow
on December 21
(mm·H2O/°C -day)
TIMP Snow pack
temperature lag
factor
IPET Potential
evapotranspiration
(PET) method
[PenmanMonteith/PriestleyTaylor/Hargreaves]
ESCO Soil evaporation
compensation factor
EPCO Plant uptake
compensation factor
Variable Description
ICN Daily curve number
calculation method
[Soil moisture/Plant
Evapotranspiration]
CNCOEF Plant ET curve
number coefficient
ICRK Daily curve number
calculation method
[No model crack
flow/Model crack
flow in soil]
SURLAG Surface runoff lag
time

Basin - Water Balance
Range
Units
HAWQS
Default
-5 to 5
ºC
-0.7163

Scenarios
Default
-0.7163

-5 to 5

ºC

-0.3637

-0.3637

0 to 10

mm
H2O/ºCday
mm
H2O/ºCday

4.761

4.761

3.171

3.171

0.2855

0.2855

1

1

0 to 1

0.95

0.95

0 to 1

1

1

0 to 10

0 to 1

Basin - Water Balance
Range
Units
HAWQS
Default
0

0.5 to 2

0.01269
to 24
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Scenarios
Default
0

1

1

0

0

0.01269

0.01269

Table 16 (continued)
Variable Description
RCN Concentration of
nitrogen in rainfall
(mg N/L)
CDN Denitrification
exponential rate
coefficient
SDNCO Denitrification
threshold water
content
NPERCO Nitrate percolation
coefficient
PPERCO Phosphorus
percolation
coefficient (10
m3/Mg)
PHOSKD Phosphorus soil
partitioning
coefficient (m3/Mg)
PSP Phosphorus sorption
coefficient
Variable Description

Basin - Nutrient Cycling
Range
Units
HAWQS
Default
0 to 15
mg N/L
1

Scenarios
Default
1

0 to 3

0.04773

0.04773

0 to 1

0.9531

0.9531

0 to 1

0.1705

0.1705

10 to
17.5

10
m3/Mg

12.28

12.28

100 to
200

m3/Mg

198.1

198.1

0.2013

0.2013

0.01 to
0.7
Basin - Reaches
Range
Units

IRTE Calibration
coefficient used to
control impact of
the storage time
constant for normal
flow [Variable
storage/Muskingum]
MSK_COL1 Calibration
0 to 10
coefficient used to
control impact of
the storage time
constant for normal
flow
MSK_COL2 Calibration
0 to 10
coefficient used to
control impact of
the storage time
constant for low
flow
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Scenarios
HAWQS
Default
0

Default

0

0

3.5

3.5

0

Table 16 (continued)
Variable Description
MSK_X Weighting factor

TRANSRCH

EVRCH
IDEG

PRF

SPCON

SPEXP

IWQ

ADJ_PKR

controlling relative
importance of inflow
rate and outflow rate
in determining water
storage in reach
segment
Fraction of
transmission losses
from main channel
that enter deep
aquifer
Reach evaporation
adjustment factor
Channel degradation
code [Channel
dimension updated
No/Yes]
Peak rate adjustment
factor for sediment
routing in the main
channel
Linear parameter for
calculating the
maximum amount of
sediment that can be
reentrained during
channel sediment
routing
Exponent parameter
for calculating
sediment reentrained
in channel sediment
routing
In-stream water
quality code [Instream nutrient and
pesticide No/Yes]
Peak rate adjustment
factor for sediment
routing in the subbasin
(tributary channels)

Basin - Reaches
Range
Units

Scenarios
Default

0 to 0.3

HAWQS
Default
0.2

0 to 1

0

0

0.5 to 1

1

1

0

0

0 to 2

1.221

1.221

0 to 0.01

0.001

0.001

1 to 1.5

1.2

1.2

1

1

0.5003

0.5003

0.5 to 2

(HAWQS, 2017)
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Table 17

GIS files and resources used for supplemental land cover analysis

GIS File
HUC
shapefile

Resource Link
USDA
https://datagateway.nrcs.usda.gov/GDGOrder.aspx?order=QuickState
Geospatial
Data
Gateway
Enhanced USGS
https://water.usgs.gov/GIS/metadata/usgswrd/XML/nlcde92.xml
1992 land
cover
2001
National
https://www.mrlc.gov/data?f%5B0%5D=category%3Aland%20cover
Land
Land
Cover
Cover
Database
2004
National
https://www.mrlc.gov/data?f%5B0%5D=category%3Aland%20cover
Land
Land
Cover
Cover
Database
2008
National
https://www.mrlc.gov/data?f%5B0%5D=category%3Aland%20cover
Land
Land
Cover
Cover
Database
2011
HAWQS
https://hawqs.tamu.edu/
Land
Cover
2016
National
https://www.mrlc.gov/data?f%5B0%5D=category%3Aland%20cover
Land
Land
Cover
Cover
Database
See bibliography for full citation information
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Table 18
Class\
Value
Water
11

National Land Cover Database 2016 Legend
Classification Description
Open Water- areas of open water, generally with less than 25%
cover of vegetation or soil.

Developed
21
Developed, Open Space- areas with a mixture of some constructed
materials, but mostly vegetation in the form of lawn grasses.
Impervious surfaces account for less than 20% of total cover. These
areas most commonly include large-lot single-family housing units,
parks, golf courses, and vegetation planted in developed settings
for recreation, erosion control, or aesthetic purposes.
22
Developed, Low Intensity- areas with a mixture of constructed
materials and vegetation. Impervious surfaces account for 20% to
49% percent of total cover. These areas most commonly include
single-family housing units.
23
Developed, Medium Intensity -areas with a mixture of
constructed materials and vegetation. Impervious surfaces account
for 50% to 79% of the total cover. These areas most commonly
include single-family housing units.
24
Developed High Intensity-highly developed areas where people
reside or work in high numbers. Examples include apartment
complexes, row houses and commercial/industrial. Impervious
surfaces account for 80% to 100% of the total cover.
Barren
31
Barren Land (Rock/Sand/Clay) - areas of bedrock, desert
pavement, scarps, talus, slides, volcanic material, glacial debris,
sand dunes, strip mines, gravel pits and other accumulations of
earthen material. Generally, vegetation accounts for less than 15%
of total cover.
Forest
41
Deciduous Forest- areas dominated by trees generally greater than
5 meters tall, and greater than 20% of total vegetation cover. More
than 75% of the tree species shed foliage simultaneously in
response to seasonal change.
42
Evergreen Forest- areas dominated by trees generally greater than
5 meters tall, and greater than 20% of total vegetation cover. More
than 75% of the tree species maintain their leaves all year. Canopy
is never without green foliage.
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Table 18 (Continued)
Class\ Value
43

Shrubland
52

Herbaceous
71

Classification Description
Mixed Forest- areas dominated by trees generally greater
than 5 meters tall, and greater than 20% of total vegetation
cover. Neither deciduous nor evergreen species are greater
than 75% of total tree cover.
Shrub/Scrub- areas dominated by shrubs; less than 5
meters tall with shrub canopy typically greater than 20%
of total vegetation. This class includes true shrubs, young
trees in an early successional stage or trees stunted from
environmental conditions.
Grassland/Herbaceous- areas dominated by gramanoid
or herbaceous vegetation, generally greater than 80% of
total vegetation. These areas are not subject to intensive
management such as tilling, but can be utilized for
grazing.

Planted/Cultivated
81
Pasture/Hay-areas of grasses, legumes, or grass-legume
mixtures planted for livestock grazing or the production of
seed or hay crops, typically on a perennial cycle.
Pasture/hay vegetation accounts for greater than 20% of
total vegetation.
82
Cultivated Crops -areas used for the production of annual
crops, such as corn, soybeans, vegetables, tobacco, and
cotton, and also perennial woody crops such as orchards
and vineyards. Crop vegetation accounts for greater than
20% of total vegetation. This class also includes all land
being actively tilled.
Wetlands
90
Woody Wetlands- areas where forest or shrubland
vegetation accounts for greater than 20% of vegetative
cover and the soil or substrate is periodically saturated
with or covered with water.
95
Emergent Herbaceous Wetlands- Areas where perennial
herbaceous vegetation accounts for greater than 80% of
vegetative cover and the soil or substrate is periodically
saturated with or covered with water.
(MRLC, 2019) https://www.mrlc.gov/data/legends/national-land-cover-database-2016nlcd2016-legend

84

